In mammals, there exists a strong correlation between the average life span (in years) and the length of gestation (in days), suggesting that the same biologic clock mechanisms control both of these physiologic events. Life span is determined by a complex sequence of events leading to organismal senescence, and ultimately death. Although multiple biochemical and cellular phenomena are believed to be involved, progressive telomere shortening due to oxidative stress and loss during DNA replication is believed to be an important determinant contributing to aging, senescence, and adult death. We hypothesize that similar biochemical and cellular phenomena occur in the placenta and fetal membranes resulting in their aging during gestation, their senescence at term, and their apoptotic death resulting in the release of an inflammatory mediator in the form of fetal cell-free DNA. This article reviews the evidence supporting this "telomere gestational clock" hypothesis which proposes that progressive telomere shortening in gestational tissue (especially the placenta and fetal membranes) leads to apoptosis and fetal cell-free DNA release, thereby stimulating the proinflammatory signaling cascade that drives the progression of parturition.
| INTRODUCTION
Although the duration for normal gestation has been described for humans and other mammals for decades if not for centuries, the biomolecular mechanisms underlying the biologic clock that determines the length of gestation and the timing for the onset of parturition remain unclear. Multiple published articles have described the significant relationship between inflammation and the spontaneous onset of parturition. [1] [2] [3] [4] However, the missing link is a clear understanding of the fetal/placental signal that triggers these proinflammatory events in the absence of microbial invasion and intrauterine infection. In a 2015 publication, M. Phillippe presented evidence supporting the novel hypothesis that fetal cell-free DNA (f-cfDNA) released by apoptotic trophoblast cells of the placenta and fetal membranes stimulate the proinflammatory events that culminate in the onset of parturition. 5 This hypothesis also proposes that progressive telomere shortening peaking at term serves as the biologic clock that determines the timing for trophoblast apoptosis and thereby the duration of normal gestation. 5 In the adult, telomere shortening has been found to be an important component of the biologic clock for normal aging. 6 Telomere shortening signals cellular senescence resulting in cell cycle arrest, chromosome breaks, abnormal chromosomal fusion, and ultimately cell death through p53-dependent and p53-independent mechanisms. 7 Telomere loss and the resulting senescence have also been shown to produce sustained activation of transcription factor NFκB leading to chronic inflammation as described by Zhang et al. 8 Given the potentially important role of telomeres in regard to aging and life span in adults, it is biologically plausible that similar mechanisms regulate the life span of the placenta and fetal membranes leading to senescence at the end of pregnancy (in addition to providing a mechanism to trigger the expulsion of the fetus from the pregnant uterus). This premise regarding a common clock mechanism is supported by the remarkable positive correlation between life span (in years) and the duration of gestation (in days) ( Figure 1) ; the linear regression for this relationship for a random group of mammals ranging from mice to whales (Table 1) 
| TELOMERE SEQUENCES
Telomeres are long tandem repeat DNA sequences located at the distal ends of chromosomes. [10] [11] [12] In mammals, the double-stranded repeats consist of TTAGGG sequences, followed by terminal guaninerich single-stranded overhangs on the 3′ strands. 10, 13 Several novel proteins, known as telomere binding factors, bind to the telomere DNA sequences forming the shelterin complex, and play an important role in maintaining the length and stability of the telomeres. 14, 15 Because of the inability to replicate the distal ends of the lagging strand, telomere sequences are crucial in regard to chromosomal stability and the prevention of critical chromosomal shortening. Normal somatic cells lose 50-200 base pairs (bp) of telomere sequence with each replication. 13, 16 Interestingly, this DNA attrition rate is not constant and can be negatively influenced by environmental factors such as oxidative stress. 17 Telomere shortening has been proposed to functions as a biologic clock signaling cellular senescence resulting in cell cycle arrest, chromosome breaks, abnormal fusion events and/or cell death through apoptosis. 7, 10, 18 Telomerase, a ribonucleoprotein complex that allows the de novo addition of TTAGGG sequences and elongation of the 3′ guanine-rich single-stranded overhangs, is selectively F I G U R E 1 Linear plot demonstrating the correlation between the published average gestation length (in days) and the average life span (in years) for the 20 randomly selected mammalian species listed in Table 1 . The linear regression for this relationship has a R These mammals range in size from mice to whales, in average gestational lengths from 16 to 540 days, and average natural life spans from 2 to 54 years. As observed in Figure 1 , the linear regression for the relationship between the average gestational length and average life span has a R 2 = 0.78 (P<0.001).
a Numbers rounded to the nearest whole number when the average contains a decimal. Human life span based on pre-1800 observations to better reflect the natural life span without the current prolongations due to improved living conditions, public health, and modern health care.
expressed in specific cell types, including germ cells, stem cells, and cancer cells. 16, 18, 19 Telomere lengths vary significantly between chromosomes, between organs in the body, and between different species. 11, 16 For example, average telomere lengths in human cells are 15-20 kb 11, 13, 20 vs 25-150 kb in mouse cells; and with the lengths varying even between different mouse strains. 21, 22 Based on the evaluation of telomeres in 43 mammalian species, Gomes et al. 23 observed that the lengths are inversely related life span, leading to the hypothesis that shorter telomeres in longer living organisms provide a mechanism to count cell divisions and to utilize replicative aging as a tumor suppression mechanism. In contrast, mammals with short lives and long telomeres are often smaller in body mass, constitutively express telomerase, and do not use replicative aging to count cell divisions.
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Mice are an example of such short-lived/long telomere mammals;
however even for mice, the progressive telomere loss observed after 5-6 generations in transgenic telomerase-deficient mice leads to loss of organismal viability resulting in reproductive abnormalities, splenic and intestinal atrophy, hematologic abnormalities, and immunologic deficiencies. 18, 19 Telomere attrition has also been proposed to play an important role in reproductive aging, especially in regard to oocytes;
however, a detailed discussion of this important topic is beyond the scope of the present review article. Interested readers are encouraged to read several recently published review articles on this subject.
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| TELOMERES AND GESTATION
The lengths of telomeres on the chromosomes in the conceptus are reset to their genetic and environmentally determined full length early during embryonic development. 28, 29 Telomere lengths in mature oocyte are shorter than those found in somatic cells, due in part to the oxidative stress and telomere loss that occurs during the long period (decades in the case of women) between the initiation and completion of meiosis, and in part to the low levels of telomerase activity found in the oocytes. 28, 30, 31 After fertilization, Liu et al. 28 observed a progressive increase in telomere length during embryonic development, peaking at the blastocyst stage. Schaetzlein et al. 29 confirmed similar findings regarding maximal telomere lengths being found at the morula-blastocyst stage. The elongation of the telomeres at the blastocyst stage has also been observed with somatic cell cloned embryos, suggesting that these events represent a programmed resetting of the telomeres during embryonic development. 29 Although increased expression and activity of telomerase have been described in the developing embryo, especially by the morula-blastocyst stage, 31, 32 Liu et al. 28 observed that the extensive elongation of telomere sequences is produced by telomere sisterchromatid exchange, a more efficient mechanism for DNA expansion.
Of note, the blastocyst stage is also when differentiation between the inner cell mass and the trophoblast layer occurs. 29 Iqbal et al.
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observed that at the blastocyst stage the telomere lengths in the cells of the inner cell mass (future embryo) and the trophectoderm (future placenta and chorionic membrane) are no longer identical.
After peaking at the blastocyst stage, telomeres then shorten during the remainder of gestation. Cheng et al. 34 reported a sharp decline in telomeres between the 6th and 7th weeks of gestation in human fetuses, followed by a less steep decrease through the 11th week. Associated with this 50% reduction during the first trimester, Cheng et al. 34 also observed a decrease in telomerase enzyme expression. During the remainder of human pregnancy, Menon et al. 35 reported that the mean telomere lengths in cord blood cells and placental cells shorten, with the shortest telomeres being found at term.
Interestingly, these investigators observed that short telomere lengths were also associated with preterm births, especially when coupled with premature rupture of the membranes. 35 Gielen et al. 36 reported a 25% decrease in telomere lengths in human placental cells during the third trimester. A significant decrease in telomeres has also been recently reported in the fetal membranes of the pregnant mouse.
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Concurrent with the loss of telomere DNA, weak or no telomerase activity has been observed in placental and fetal membrane cells during late gestation. 32, 38, 39 The association between decreased telomerase activity and shortened telomeres in human amnion cells has also been described by Mosquera et al. 40 
| TELOMERES, OXIDATIVE STRESS, AND APOPTOSIS
Critical telomere shortening leads to cellular senescence and/ or cell death through apoptosis-associated mechanisms. 7, 10, 18 Interestingly, the shortest telomeres, and not the average telomere lengths, appear to be the most important signal leading to senescence and loss of cell viability. 12, 41 Hemann et al. 41 demonstrated that telomere shortening renders them more susceptible to oxidative stress and further damage. Gomes et al. 23 described the ability of free radicals produced during oxidative stress to attack the guanine triplets found in telomere repeats, leading to double strand breaks. Petersen et al. 42 demonstrated that oxidative stress increased the sensitivity of telomere single-strand regions to cleavage by S1 nuclease compared to other repetitive non-transcribed sequences (e.g, microsatellites), and that repair of telomere breaks was markedly delayed. Critical telomere shortening produces cellular apoptosis through p53-dependent and p53-independent events, with the latter related to deleterious DNA fusion events. 43, 44 In regard to these events in gestational tissues, Bonney et al. 37 have reported that telomere shortening in the fetal membranes results in biochemical evidence for apoptosis including progressive activation of p38MAPK, phosphorylation of p53, expression of p21, and cellular senescence as indicated by positive β-galactosidase staining. Multani et al. 45 observed that the telomere sequences are the initial targets of caspase-induced DNase (CAD), resulting in telomere cleavage being one of the earliest chromosomal alterations detected in these dying cells. These investigators also demonstrated that the CAD-cleaved telomere fragments are compartmentalized and actively extruded early during apoptosis. 45 
| TROPHOBLAST AND FETAL CELL-FREE DNA
F-cfDNA appears to be derived from trophoblast cells as they undergo apoptosis. 46 Using short-term explant cultures, Tjoa et al. 47 observed the release of cfDNA from human placental tissue in response to oxidative stress and apoptosis. In a series of mouse placental explant studies, we have confirmed the release of cfDNA of a size consistent with published reports for f-cfDNA in maternal plasma (submitted manuscript under review). The cfDNA released by the mouse placental explants was suppressed by an antioxidant vitamin E analog and by a caspase inhibitor, thereby supporting the important role for oxidative stress and apoptosis during these events. Goswami et al. 48 described increasing quantities of microparticles from apoptotic syncytiotrophoblast cells circulating in the maternal blood as pregnancy progresses to term. Reddy et al. 49 observed higher levels of microparticles and f-cfDNA in maternal circulation in pre-labor pregnant women at term compared to women not in labor. Interestingly, the microparticles and f-cfDNA levels did not further increase at full dilation or with delivery of the placenta, suggesting that the stimulus for the release of these factors occurs before the onset of labor, and not because of labor. 49 
| TROPHOBLAST CELLS AND APOPTOSIS
Increasing apoptosis of trophoblast cells of the placenta and fetal membranes has been observed at the end of gestation and in pregnancies complicated by preterm delivery. Smith et al. 50 utilized a TUNEL assay to demonstrate twofold more apoptosis in placental tissue during the third trimester compared to the first. The majority of the apoptotic cells were found in the trophoblast layer; and no significant differences were observed between placentas obtained after vaginal delivery compared to Cesarean section-suggesting that apoptosis was not caused by vaginal delivery. 50 Ishihara et al. 51 also used TUNEL assays to demonstrate that apoptosis in the syncytiotrophoblast cells remained low at term, whereas, for the cytotrophoblast cells, apoptosis reached its nadir during the second trimester and then increased threefold to fourfold at term. 51 Magee et al. 52 confirmed significant levels of TUNEL-positive cells and proapoptotic proteins (including Fas, FasL, caspase, and PARP) in term human placentas; interestingly, the apoptosis markers were significantly decreased in placentas from pregnancies complicated by gestational diabetes. As described by Zhou et al., 53 the levels of apoptosis (as indicated by TUNEL assays) were fivefold higher in term placentas from women in labor compared to those not in labor, and 15-fold higher in placentas from women whose pregnancies were complicated by preterm labor. Longtine et al. 54 further assessed apoptosis in cytotrophoblast vs syncytiotrophoblast cells in human placentas at term and found that only the cytotrophoblast cells undergo apoptosis. Of interest, the apoptotic fragment from the cytotrophoblast cells was extruded through the attenuated syncytiotrophoblast cell layer into the maternal circulation. 54 Placental apoptosis related to parturition has also been observed in non-human placental tissues. Hirayama et al. 55 observed that apoptotic cells in bovine placentomes increase as pregnancy progresses, peaking at the time of parturition. These apoptotic events were associated with increased activated caspase-3, increased proapoptotic BAX expression, and decreased anti-apoptotic BCL2A1 expression. 55 In pregnant pigs, Cristofolini et al. 56 described a 29-fold increase in the apoptosis index (as measured by TUNEL assay) in placental tissue from near-term pregnancies compared to those from mid-gestation.
During lipopolysaccharide (LPS)-induced preterm delivery, Kakinuma et al. 57 reported an increase in apoptosis in placental tissue obtained from pregnant mice.
Apoptosis has also been observed in fetal membranes as the onset of parturition approaches. McLaren et al. 58 observed significant levels of apoptosis in the cytotrophoblast layer, the amniotic epithelium, and decidua, and notably, the highest levels of apoptosis were observed in fetal membranes in the lower uterine segment above the cervix.
In another study to localize areas of apoptosis within human fetal membranes at term, Chai et al. 59 reported higher levels of expression 
| FETAL CELL-FREE DNA, APOPTOSIS, AND TELOMERE SHORTENING
It appears that apoptosis plays a key role in the signaling events leading to the onset of parturition; however, questions remain regarding the mechanism(s) underlying to the biologic clock that stimulates apoptosis at term. Microbial pathogen-associated molecular pattern (PAMP) molecules and/or proinflammatory mediators can induce apoptosis in placental and fetal membrane tissues; however, there is no evidence that microbial agents play a role in the onset of parturition except during pathologic conditions. Therefore, some other intrinsic signaling mechanism must be involved; and telomeres appear to be a plausible candidate for such an intrinsic signal. The previously dis- American and European countries ranged from 5.3% to 11.4% of all live births at 24 weeks and beyond. 64 Remarkably, the preterm birth rate in the USA is at the upper end of this range; that is, recently reported at 11%-12% of all live births greater than 20 weeks. 65 These preterm births in the USA result in the delivery of almost a half million infants per year, and result in significant neonatal and childhood morbidity and mortality. The majority of these preterm births occur due to the spontaneous onset of labor triggered by currently unknown mechanisms. The "telomere gestational clock" hypothesis provides a potential mechanistic explanation for a number of these spontaneous preterm deliveries that occur in the absence of microbial infection or other pathologic conditions. As noted previously, Menon et al. 35 reported significantly shortened telomeres in pregnancies complicated by preterm births; therefore, such short telomeres could have triggered the cascade of events leading to delivery.
Clinical observations have demonstrated that preterm birth has both genetic and epigenetic modes of inheritance. The "telomere gestational clock" hypothesis provides a possible mechanism to explain both of these phenomena. Liu et al. 28 demonstrated that the telomere expansion during early embryonic development is determined by the oocyte telomere lengths and the genetic background of the female.
That telomere length appears to be a highly heritable trait with transmission across generations through both genetic and epigenetic mechanisms could provide an explanation for the higher rates of preterm birth in some families, especially along female lines. Consistent with this premise, women with unexplained recurrent pregnancy loss have been found to have shorter telomeres. 66 Once elongated during the blastocyst stage, the rate of subsequent telomere shortening can be accelerated by oxidative stress, inflammation, and high rates of cell turnover. 13, 16, 17 Cigarette smoking is a well-described risk factor for premature birth, in addition to other adverse pregnancy outcomes.
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Using human amnion cells exposed to cigarette smoke extract, Menon 68 demonstrated the ability of oxidative stress to produce DNA damage and telomere shortening. Further underscoring the adverse effects of cigarette smoke on pregnancy and telomeres, Huang et al. 69 observed significantly increased apoptosis, delayed progression to the blastocyst stage, and shortened telomeres in mouse embryos exposed to smoke and cigarette extract. These effects on the embryo, especially the shortened telomeres, can be expected to have a negative effect on a telomere-based countdown clock for parturition.
High levels of oxidative stress and increased rates of telomere shortening in various tissues and organs have been associated with chronic high stress, poor socioeconomic status, lower education levels, neighborhood environments with lower esthetic quality, and African American race. [70] [71] [72] [73] [74] These associations leading to increased rates of oxidative stress and accelerated telomere shortening could also help explain the shorter gestational length, [75] [76] [77] and the well-documented racial disparity in regard to premature delivery reported for African American women. [78] [79] [80] Variations in the levels of psychosocial stress and environmental conditions related to race through their ability to modulate oxidative stress and ultimately telomere lengths could also help explain the observation that the rate of premature birth is affected by the maternal nativity location and environmental factors during pregnancy; and despite improvements in socioeconomic status, race especially of the mother continues to be an important factor in regard to the risk of preterm delivery.
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| CONCLUSIONS
As proposed here, telomere shortening triggers apoptosis in the placenta and membranes, leading to release of f-cfDNA which stimulates the proinflammatory events that result in the spontaneous onset of parturition ( Figure 2 ). Given the number of published reports regarding increased telomere loss, increased apoptosis in placental and fetal membrane cells, and increased maternal plasma fetal cfDNA in multiple mammalian species (including rodents, sheep, cows, horses, subhuman primates, and pregnant women), our "telomere gestational clock" F I G U R E 2 Diagram depicting the "telomere gestational clock" hypothesis which proposes that the onset of parturition is produced by the loss of telomere sequences resulting in apoptosis of placental trophoblast and chorion cells, thereby releasing fetal cfDNA, events that can be enhanced by oxidative stress. Fetal cfDNA stimulates an innate immune response (via TLR9) resulting in the intrauterine production of proinflammatory cytokines and chemokines. The stimulated immune response increases the expression and function of uterine activation proteins, matrix metalloproteinases, and uterotonins resulting in cervical ripening, rupture of the membranes, and the onset of phasic myometrial contractions (i.e, parturition)
hypothesis also provides for the first time a single common mechanism for the spontaneous onset of parturition across most, if not all mammalian species. The goal with this article is to present a major paradigm shift in regard to the mechanism(s) underlying the spontaneous onset of parturition; that is, that the signal is not only contained within coding regions of the DNA, but that the signal is the DNA.
